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STRA

Three dimensional numerical experiments on the scattering of
noble gas atoms from single crystal surfaces of silver are de-
scribed. This numerical method cén be very useful in determining
the relative importance of different variables in the interactions,
although it cannot be expected to give quantitative agreement with
individual cases until a better knowledge of the interatomic bind-
ing energies and the surface state is available. Most of the cases
are for neon on the fcc (111) surface, but isolated cases of
helium and argon on (111) and neon on (100) are included. The
energies include those of effusive molecular beams from 300°K
to 45,000°K equivalent source temperatures (.06 to 7.8 eV).
Several interaction parameters describing mean energy and momentum
exchanges and traces of the spatially resolved flux in the inci-
dent plane are given for most of the cases. Sample out-of-plane
flux data and some typical data on spatially resolved energy are
also given, and general trends for the rest of the data are de-
scribed. The results give trapping probabilities that are much
greater than those inferred from laboratory experience, and flux
patterns that are significantly broader than those encountered in
the experiments for the few cases that can be compared directly.
The neon trends with increasing energy are quite similar to those

of the Saltsburg and Smith experiments for xenon, with new effects
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appearing in the present results for energies higher than those of
the laboratory experiments. These new effects include multiple
peaks, one above and one below specular, and a broadening of the
patterns with increasing incident energy. They are attributed to
increased resolution of the surface atomic configuration due to
deeper penetration of the potential field above the surface. The
trends of the Logan, Keck and Stickney hard cube theory are shown
in the present results at low incident eneréy, and the expected
hard sphere limit behavior is observed at very high incident

energy, in agreement with the recent calculations of Goodman.
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INTRODUCTION

Recent developments in molecular beam and related experimental
techniques have made possible the measurement of spatial distribu-
tions of flux in gases reflected from well characterized solid
surfaces.l-3 In particular Saltsburg and Smith have developed an
important technique for constructing epitaxial crystal surfaces as
the molecular beam experiment is carried out, and have been able
to achieve a moderate range of energies in their incident beam.

At the same time, several techniques for numerical computation of
gas surface interactions at high incident energies have been de-
veloped by the author and his colleagues,4 by Goodman > and
Erofeev,6 and more recently by Raff, Lorenzen, and M.cCoy.7 These
methods have become quite complex, and reflect most of the known
features of the ideal surface state; but their results can be no
better than the poor quality of our knowledge of interatomic forces
and real surface configurations. The greatest value in numerical
experiments lies in the ability to vary parameters independently
and thereby isolate the controlling mechanisms in each interaction
regime. They also provide the ability to measure any desired
property at any point in the process without changing the inter-
action, a feature that no laboratory experiment offers. They fail
to give in their numerical output the insight that is contained in

even the crudest analytical theory, so they must be supplemented



By simpler theoretical models if their product is to be useful
for many different cases. They are also limited by the lack of
reality in the basic computer model, so they must be continually
reworked after testing against suitable laboratory experiments.
Computation time is always a limiting factor, but recent improve-
ments in computing machinery have made possible very detailed
studies. We now get 6 trajectqries per minute on an IBM 360-75,
Although all the published numerical methods can give results
for mean momentum and energy exchanges, only Goodman's method has
heretofore been able to resolve three dimensional trajectories into
spatial distributions. However, since his calculations deal with
a modified hard sphere model which portrays the limit of very high
energy, they have only limited usefulness for comparison with low
and moderate energy data from molecular beam scattering. By a new
interpolation technique, we have recently been able to produce
spatial distributions of density, mass flux, and energy flux which
qualitatively represent in three dimensions the results of trajec-
tory computations with as few as 50 trajectories in a sample. This
technique has been applied to computation of the interaction of
He, Ne, and Ar with Ag single crystal surfaces. The present
model includes a modeling of thermal motion in the crystal, a first
approximation to the effects of restraining forces in the lattice,
an attempt to portray the interatomic potentials in a realistic

form (a Lennard-Jones 6-12), and the correct lattice structure for




én ideal fcc crystal. We expect moderately good results for the
computation down to an incident energy of a few tenths of an eV
where, for most combinations of gas and solid species, the prob-
ability of trapping gets very high, the long collision times
create serious errors due to the assumption of independent oscil-
lators, and the errors in determining interatomic potentials be-
come very important.

The classical theory of Logan, Keck, and Stickney8 — often
called the hard cube theory — has enjoyed notable success in ex-
plaining the trends of existing scattering data, both in the
spread cf the scattered lobe and in the direction of the maximum.
There are two basic reasons for this, both having to do with the
limited energy range of the present generation of "clean-surface"
data. In all existing experimental cases, the mean thermal energy
of a lattice atom has been of the same order as the energy of the
incident molecules, so that the vertical oscillations of the lat-
tice, which are central to the ﬁard cube theory, are also the most
important effect in the scattering. In addition, since there is
insufficient translational energy in the incident molecule to
allow it to penetrate deeply into the repulsive portion of the
interatomic potentials, the equipotential surface seen by the in-
cident particle at its greatest penetration of the potential field
should be quite smooth. These features apparently combine to pro-

duce a scattering pattern that is quite sharp and near the specular




direction. As thé ratio of gas energy to lattice thermal energy
increases from a low value, the lobes become sharper and lie
closer to the surface. Two important points must not, however, be
overlooked. Neither the experiments nor the original hard cube
theory can determine the fraction of particles that is trapped on
the surface for more than a few lattice vibration periods; and the
hard cube theory must use empirical adjustments if it is to de-
scribe the effects of scattering from the crystal atomic structure,
effects which should become quite important at higher incident en-
ergy, Ei‘ Evidence from a large number of cases computed by the
author and co—work.ers4 indicates that trapping should have been
the predominant result in all the data of Saltsburg and Smith for
Ar and the heavier gases; these trends are corroborated by the
calculations of Jackson9 and Madix and Korus,10 each of whom used
radically different approaches. Madix and Korus have introduced a
trapping mode into the hard cube theory, and find trapping prob-
abilities comparable to present results for comparable values of
€. In addition, the trajectory calculations of Goodman5 and Jack-
son9 agree with our general observation that at high Ei the
scattered distributions are quite broadly dispersed. Erofeev's
theory6 gives results that are even more diffuse, although they
retain some memory of the incident direction. Since the trend of
lobe shape and direction with increasing Ei in the experiments

is in the opposite direction, doubt has been cast on the validity



of many assumptions inherent in our trajectory computations and

those of the other authors cited.

This paper will show that consideration of all the mechanisms
known to be important produces a set of scattering patterns that
exhibits many of the trends of the earlier experiments, except
that the laboratory experiments do not appear to show the theoreti-
cally predicted high trapping probabilities, and give somewhat
sharper peaks at(low Ei' At the same time the calculations re-
produce the highly scattered cases expected for high Ei in a
completely straightforward manner. Comparison with phenomenologi-
cal models enables us to visualize some of the dominant mechanisms
in each case so that some of the reasons for the observed behavior
can be understood. A particularly interesting feature of the
present results is the frequent occurrence of multiple lobes — a
feature also noted by Jackson.9 None of our attempts to explain

this separation of lobes has been successful.

TRAPPING AND ADSORPTION

It is important to delineate the role of the trapped particle
in the computations and in the experiments, particularly since
trapping is such a common result in the theory. Although the fol-
lowing points have been discussed in our previous papers4 and by
several others (notably Goodmanll), there are special features to

be emphasized here.



SN BN BN BN BN BN BN BN BN B OB B OB O N N I N

We use the term "trapping" to denote the process by which a
particle loses its ability to escape from the lattice without
first acquiring additional energy from the thermal motion of the
lattice. Thermal motion may also have a substantial effect on un-
trapped particles, the distinguishing feature being the temporary
state of negative total energy for those that are trapped. The
subsequent reemission of the trapped particle then becomes a prob-
lem in desorption mechanics. We traditionally assume, somewhat
arbitrarily, that the ultimate state of reemission of a trapped
particle will be Maxwellian at the surface temperéture, and that
the net energy exchanged with the lattice must account for the
energy of reemission of the trapped fraction. We have included
this contribution (aloss by the wall of 2kTw per atom) in the
results for energy transmitted to the lattice, Eﬂ. It is impor-
tant to note this, since many applications of interest do not
allow reemission, and appropriate corrections must be made. In
all the momentum coefficients we quote, the trapped fractions have
been excluded, so that we are dealing only with those particles
that are not trapped (although they may have hit many lattice
atoms in their encounters with the wall).

As to the mechanism of trapping, we can easily visualize an
acceleration by the attractive field of the lattice, followed by a
primary scattering collision. If the energy equivalent of the

- . 2 .
normal momentum after the collision (i.e., pz/2n0 is not
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‘sufficient to overcome the attractive effect of the lattice, the
particle will be condemned to a second scattering collision. Ex-
cept for those cases in which kTw >> €, most such particles will
be eventually trapped. The binding energy ratio, e/Ei, the
angle of incidence, Qi’ the mass ratio, W, and the wall tem-
perature ratio, kTW/Ei, all play major roles in this process.
The role of trapping in the molecular beam experiments of
Saltsburg and Smith1 poses an especially difficult and important
question. Their phase-sensitive detector does not detect parti-
cles with long residence times on the surface, and they have not
been able to integrate their exit flux over the entire exit hemi-
sphere. Since it would be unreasonable to expect any large frac-
tion of the trapped particles to retain memory of their incident
state, and since lobes in the specular region are always present
on freshly deposited surfaces, Saltsburg and Smith infer from the
qualitative nature and the levels of their signals that trapping
is not ' the dominant result in any of their experiments. This
question is relevant to the comparisons with all theories that

include trapping, and merits further study.

SCATTERING CALCULATIONS

The numerical computations of gas-surface interaction dis-
cussed here were conducted in three parts. The first was the com-

putation of the atomic trajectories themselves, carried out by




numerical integraﬁion of the classical equations of motion in
three dimensions for a family of point-mass sources of potential,
which are directed toward a model crystal surface. Some of the
cases were done on an IBM 7094, some on an IBM 360-75. Figure 1
shows the coordinate system. The aiming points of the individual
trajectories are uniformly distributed over a unit cell surface.
Although several optional models are available within the same
computer program, all the resuits in this paper were produced by
using fcc (111) énd a few (100) configurations of lattice atoms,
monatomic gas molecules, active thermal motion in the lattice,
random distributions of incident azimuth angle @i (i.e., between
trajectory computations the crystal was rotated relative to the
incident beam about the surface normal through an arbitrary angle).
The computations are based on the assumption that each of the 50
or 98 lattice atoms considered oscillates independently of its
neighbors. The isotropic lattice forces are assumed to be those
of linear springs, and the natural frequency is estimated as the
highest characteristic frequency in the Debye spectrum of the
solid. The model for thermal motion imposes identical energies in
each independent direction (i.e., x, y, z) for each lattice
oscillator. Each phase angle is randomly selected, which gives us
a complete equipartition and random motion but a thermodynamically
naive model. Additional computational details may be found else-

where.4 The output is in the form of a scattered sample of gas
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atoms, some of which may become trapped, with their exit veloci-
ties described by their speed and their exit angles measured as
in Fig. 1. 1In this paper we will refer to ¢ as measured from
the plane of incidence when discussing the results, in reality
dealing with wexit - wi.

The second part of the over-all computation employs the re-
sults of the scattering calculation to generate a spatial dis-
tribution of reflected atoms from the finite number of trajec-
tories calculated for a given case. First, the fraction of
trapped particles is recorded and these particles are discarded
from the sample. Second, each trajectory is matched by an arti-
ficially generated twin located at those exit coordinates that
are symmetric with respect to the plane of incidence. Third, each
trajectory is replaced by a distribution function £(8, ¢) that
expresses the probability of finding that particle at a particular
exit coordinate (6, ¢). Each molecular trajectory in the exit
distribution thus represents the final state of an infinite popu-
lation of incident particles uniformly distributed over a non-
repetitive subunit of the surface. Since a complete set of these
subunits comprises a repetitive unit of the surface, we generate
one trajectory for each of the N aiming points on a uniform grid
spaced over the smallest repeating dimension of the lattice struc-
ture. The aiming point grid is so fixed relative to the crystal

that it does not shift with changes in azimuth angle. 1f we aim
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at the grid point with initial conditions specified at infinity,
we do not, in general, contact the lattice at the aiming point,
but find instead that randomness is introduced by the long-range
forces from the semi-infinite crystal (these forces are included
in the trajectory computations), by thermal motion of the lattice,
by the randomly selected ;5 and by the (unknown) change in
scattered angle resulting from.change in aiming point and approach
angle. From experience,q’5 we find that this procedure yields
mean interaction parameters that are not too sensitive to small
changes in aiming point (i.e., the incident particles have large
effective diameters).

Lacking a complete knowledge of the distribution function for
each subunit, we assume that the properties of the resulting tra-
jectories are the mean properties for the corresponding subunit
trajectories, and that the subunit trajectories are normally dis-

tributed; viz.,

£(8, 9) = AvJTl exp(-BzJ?) , @)

where zj is the great-circle arc between (Gj, Qj) and (0, @5
on the unit hemisphere centered at the origin, and v, 1is the
ratio of the exit velocity of the jth particle to the incident \
velocity of all of the particles. The relationship between parame- |
ters A and B is determined by requiring the fraction of the \

incident flux that exits in a unit solid angle to have a mean value

10




of unity when averaged over the entire exit hemisphere. For a
sample of N particles with a sufficiently good resolution (i.e.,
large N), this calculation becomes

B02

2T = 27N sin cfj(c)vj dc = 27N A sin c e dc (2)

where c¢ represents the great-circle arc from the direction

0. . to (6, 9).

(855 95) (¢, @)
The form of Eq. (2) normalizes £ so that it expresses the

density distribution function per unit solid angle. The flux dis-

tribution per unit solid angle q(6, 9) 1is then given by

N
=Bz

e, d =4 ) e
j=1

where
-1 . .
Z. = CcOS 0os 6 cos 6, + sin 6 sin 6, cos(9 - @,
j = cos e 0% 73 3 cos( 50
S s R ’
3!'B 5!B
and
B = N/27¢ .

11



%he parameter € 1is an arbitrarily chosen resolution constant.

As £ 1increases, the resulting distribution becomes smoother and
resolution decreases. Freedom in the choice of £ 1is analogous
to freedom of choice in the size of cells if we were to construct
a distribution function by counting trajectories in each of a
large number of cells on the exit sphere, a procedure for which
the existing number of trajectories is hopelessly inadequate. The
value of £ wused here (£ = 2.0) has been chosen so that a uni-
form spacing of N particles over 27 steradians produces a fluc-
tuation in q over the exit hemisphere of no more than a few
percént. Somewhat higher resolutions could be employed, but they
would give rise to false fluctuations in sparsely populated re-
gions.

The test of the method is its ability to reproduce the gen-
eral character of the distribution as additional cases with the
same input variables are added. Reproducibility varies with many
factors, of which by far the most important is‘the number of tra-
jectories in the sample. Many combinations of statistical samples
have been tried, with results ranging from poor to excellent. The
qualitative nature of the distributions is reproducible for sam-
ples of 50 or more trajectories in most cases tested, but quanti-
tative reproducibility cannot be expected until sample sizes are
well in excess of 100. Some of the poorer cases tested are shown
in Fig. 2, which also shows independent (i.e., different sets of

random variables) sets of 50 trajectories and their combination.

12
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There is a general tendency for reproducibility to improve
with increasing Ei’ This is due partly to greater yield (i.e.,
trapping no longer reduces the number of usable particles), and
partly to increased directivity. -The distributions are never as
widely dispersed as when they are thermally scattered at very low
Ei' Increased dispersion leads to a less reliable local value for
each of the moments.

All the resglts shown in Figs. 3 through 15 were derived from
samples of 50 or more, except for Ne at 22,400 and 44,800°K,
which were derived from 32. Note that the present spatial dis-
tribution data cannot be expected to give quantitatively reliable
results. The trends with changes in conditions, the general char-
acter of the distributions, and the mean values of interaction
parameters for given incident states are the only kinds of informa-
tion that we can expect to have quantitative reliability, and then
only at higher energy levels.

In the third step of the over-all investigation we applied the
results of phenomenological analysis to the same input conditions and
compared fractions trapped and energy exchanged. These procedures
have been described in our previous papers.4 The results are

shown in Figs. 3 and 4. Note that as yet there is no correlating
model for momentum distributions shown in Figs. 5 through 7, although
Goodman5 presents some correlations for momenta in the hard sphere

limit,

13



SELECTION OF TEST CONDITIONS

We chose to perform some of our calculations under the experi-
mental conditions employed by Saltsburg and Smith.1 Although the
data of Hinchen and Shepherd2 are excellent, they offer only con-
ditions of 300°K incident gas temperature, and as we show below,
the high trapping probability encountered in the calculations for
low Ei makes it difficult to.treat these cases directly with our
method. Other published data use polycrystalline and/or dirty
surfaces. Of the data published by Saltsburg and Smith, the most
trustworthy surfaces appear to be the epitaxially grown Ag (111)
surfaces used with the noble gases. Because the interatomic po-
tential parameters are not known and the incident beam contained a
distribution of energies with a most-probable value of Zin in-
stead of a monoenergetic beam, we should not expect more than
qualitative agreement between the experimental scattering patterns
and the results from our computer experiments, even if the model
were pérfect. At the low energies used here, we may also encounter
serious errors due to the inaccuracy of the independent-oscillator
lattice model employed for these calculations (ath is often
much greater than unity), as well as to the importance of the lat-
tice thermal ﬁotion, which is only crudely portrayed in the present
model. The low energy helium case is probably also in error be-
cause of quantﬁm effects. We have employed a constant E;, = 2kTi

for each case and have fixed the surface temperature at the value

14



used to ensure epitaxial growth (560°K) in the experiments. The
lattice structure used in most cases was fcc (111), and two
values for the Debye temperature were selected to determine the
strengths of lattice restoring forces. In some cases we employed
the accepted bulk value for Ag of 225°K, while in others we
followed the rule for surface corrections to Debye temperatures
advanced by Lyon and Somorjai,12 namely, that the surface region
has a Debye temperature value very near one-half that of the bulk.
This alteration may have a substantial effect in some dynamic
ranges since the exponent that portrays the effect of restoring
forces in the model equations4 will decrease by a factor of 4,
which leads to a larger predicted energy exchange in the primary
collision with the surface, and a corresponding decrease in the ex-
pected normal momentum recovery at the surface. It also affects
thermal velocities of the surface atoms.
There are no known methods or data for determining best values

of the parameters in the Lennard-Jones potential. We have chosen

2 kcal/mole (0.087 eV) as a representative value for the Ar-Ag
atomic bond, 0.027 eV for Ne-Ag, and 0.0074 for He-Ag, es-
timates whose accuracy we have no way of assessing. The variation
with gas species is probably exaggerated in our estimates since we
have made the atom-atom bonding energies (€) proportional to the
corresponding values for homogeneous (e.g., Ar-Ar) interactions,

instead of employing the usual geometric-mean combining rule. We

15
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’We have used 3.10, 2.80, and 2.68F for the corresponding
Lennard-Jones internuclear diameters, o, 1in each of the noble
gas interactions with Ag atoms. It is indeed unfortunate that
we know of no better data for these potentials, since they may be
producing significant errors in predicted results. Two cases for
neon at 300°K have been run with greatly reduced interatomic
binding energies to assess the possibility that the assumed values
may be in error. It may be possible in the future to infer better
interatomic potentials by comparing the present calculations with
experiments. The accepted bulk value of 4.08% was used for the
lattice spacing (i.e., the edge of a unit cube).

Many different input conditions have been studied for the
noble gases He, Ne, and Ar incident on single-crystal Ag
surfaces that were maintained at 560°K. Most of these have in-
volved Ne, which best fits the assumptions of the theory and the
behavior of the computation at thermal energies. Since in low
energy'cases trapping was quite likely, a very large number of
incident trajectories was sometimes necessary to get a statistically
meaningful number of reflected trajectories. Two cases of Ne on
Ag (100) were studied at 5600°K to examine the importance of sur-
face structure relative to the (111) surface used in the balance

of the cases.

16
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RESULTS

The probability of trapping for many of the cases is shown in
Fig. 3. Although this behavior is typical of that described in pre-

4,5,9 it

vious theoretical treatments of gas-surface interactions,
is in direct conflict with the inferences drawn by the various ex-
perimenters, in particular Saltsburg and Smith.

With this exception, the mean values of interaction parameters
shown in Figs. 3. through 7 do not reflect anomalous behavior. The
most notable feature is the qualitative agreement between trapping
probability and energy exchange as predicted4 and as found in the
present numerical experiments. None of the present data was used
in formulating the prediction equations. The predictions indicate
quite a sharp change from positive to negative energy exchange at
T, =T, 2a change that is reflected well in the results (Fig. 4).
The data for various incident angles (Fig. 7) indicate that the
predicted minimum for energy transmitted to the lattice (EE/Ei)
at an incident angle of about 130 degrees 1is also suggested by
the data. The increase at angles of more glancing incidence is
due to the increasing effect of the attractive potential, while
that at more normal angles is due to the more direct collisions.

The most-important feature in the spatial distribution results
is a tendency to divide into separate modes of scattering for high

and low incident energy. The low-energy mode shows trends that

are consistent with experimental observations and the predictions

17



- EEE e e EEEntIIeaeaEeaeEEeEEMm

6f the Logan-Stickney-Keck hard cube theory. The lobes become
broader and usually move closer to the surface normal as Ei de-
creases (see Fig. 8, and compare with Fig. 6 of Ref. 1). This we
call "thermal scattering” because it is generated primarily by
thermal oscillations in the target lattice, which are relatively
more important at low Ei/kT. The high-energy mode gives an oppo-
site trend, namely that the direction of maximum intensity moves
away from the surface (toward the normal), and the lobe becomes
more broadly scattered as Ei increases. We call this behavior
"structure scattering," because it is, we believe, a result of the
increased apparent roughness of the atomic configuration of the
surface as the penetration of the surface potential field becomes
greater with increased energy. The net result of these competing
mechanisms is not easily described, especially in view of the
statistical fluctuations that are known to be presents. Figures 8
and 9 show the flux patterns in the plane of incidence for two
different Debye temperatures at 130° incident angle and several
energy levels. Since the magnitudes of the flux maxima decrease
as the reflected lobes become more broadly scattered both in and
out of the incident plane, we get from these results a rough over-
all view of the interactions. Figures 10 and 11 show the corre-
sponding information plotted as a function of incidence angle for
two incident energies. Figure 2 shows that alternative samples

could have made these trends appear even more strongly.
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In most of the cases for moderately high Ei we find in

a single scattering pattern at least vestiges of two separate flux
maxima in the plane of incidence, one of these usually lying above,
the other below the specular ray. These maxima may be called
"rough" and "smooth" scatterings, since they appear to correspond
to different classes of collision with the surface atoms. The
"rough" peak represents a greater deflection from the original
direction of motion and is usually accompanied by a greater degree
of energy exchange. We should expect this behavior to be typical
of small impact parameters or multiple collisions. The "smooth"
peak‘represents a more glancing interaction, typical of larger
impact parameters, and it usually results in a smaller energy ex-
change. Sometimes one peak completely dominates the other; some-
times additional maxima are observed. But the tendency of the
maxima to fall into two distinct classes within a single case 1is
quite strong. No satisfactory explanation for this behavior has
yet been discovered, although there appears to be some connection
between the rough peak and the structure scattering as well as be-
tween the smooth peak and thermal scattering. No evidence of this
behavior is present in the experimental data available to date,
nor is this behavior strongly indicated in the present results in
instances in which Ei is either extremely high or within the range of
of the experiments, o

It was postulated that these peaks were the product of some

particular lattice configuration or orientation. A case was studied

19




thch could also be handled by the Jackson approach,9 namely inter-
action with the Ag (100) surface. This involved two cases, one
with a typical set of random azimuth angles (@i), the other with
the incident planes parallel to the direction of closest packing

on the (100) face. It is evident from Fig. 12 that multiple peaks
are to be expected for a broad range of geometries.

The scattering of He and Ar present some interesting con-
trasts with the Ne cases. The high velocity, low binding energy,
and small size of the He atom make it act like a very high energy
Ne atom, while the opposite effects make Ar act like a lower
energy Ne atom. The hard-sphere mass ratio effect clouds this
simple picture considerably, but it is still a useful rule. Out-of-
plane scattering of He 1is greater than that of high energy Ne,
because the former resolves the lattice structure better; conversely,
high energy Ar 1is more closely confined to the incident plane
than is low-energy Ne. An important caveat must be attached to
the He data, viz., that they are in the range where quantum ef-
fects may predominate. If they do, the validity of these data is
dubious at best. Figure 13 shows two in-plane flux patterns for
He and for the only Ar case in which the untrapped fraction was
large enough to give a scattering pattern. We could not reproduce
any data for Xe , because trapping would have been complete.

The amount of information .that can be extracted from each

case is so great that it is impossible to present all of it. Addi-

20
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fional features that are most instructive are the relative broad-
ness of the lateral scattering and the relative energy at various
exit éngles. As a gross generalization, it may be stated for
ei < 140° that most lobes are locally nearly symmetric about an
axis through their maximum, even for multilobe patterns. There is
a tendency toward greater out-of-plane scattering as Qi increases,
giving a roughly constant 1ateral momentum pattern (see Figs. 6 and
7). Both in- and out-of-plane broadness is therefore crudely indi-
cated by the relative amplitude of each maximum. Figure 14 shows
one of the cases for which this rule was least applicable. The
indicated velocity spectrum is far more complex, showing new types
of variations almost every time a new case is introduced, but the
relative magnitudes of velocity within a scattering pattern do not
change as drastically as do the flux magnitudes. The clearest
trends in exit velocity occur at the high and low extremes of in-
cident energy. One high and two intermediate energy cases are
shown in Fig. 15. At high Ei’ the energy transfer correlates
fairly well with the angle through which the incident ray has been
turned, which tends to give a maximum energy transfer for a maximum
deflection (back toward the incident) and a miniﬁum transfer at
minimum deflection (along the surface)f The out-of-plane scatter-
ing follows nearly the same curve. This behavior strongly supports
a hard-sphere limit behavior such as would be expected5 at high Ei
(Eg/Ei ~ coszw, where ¢ is the angle through which the

velocity is deflected). At low Ei/kTw’ we find that the greatest
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energy transfer (now from the lattice to the gas atom) occurs for
those atoms exiting near the surface normal, while in some cases

those exiting nearer the surface tangent actually lose energy. In

this range there is a systematic change in energy transfer with
each increase in ¢. The 700 and 2800° cases of Fig. 15 are
hybrids of both types, typical of intermediate energies.

We have been able to prodgce successful computations for only
three cases presgnted by Saltsburg and Smith: He at 300 and
1400°K and Ne at 300°K; all at 130° incidence (i.e., 50 de-
grees from the normal). They have found He specular "at all in-
cident angles and temperatures," and show a very sharp specular
trace at 300°K. We find a two-lobe pattern (one of them specular,
the other more normal) which is quite broad at both 300 and 1400°K.
One might explain this disagreement by recalling that de Broglie
wavelengths for He (300°K) are about O.SA, or definitely sig-
nificant compared to collision lengths on the lattice, which accord-
ing to our previous determinations4 might be as low as 3. Helium
at 1400°K and neon at 300°K (both have M\ ~ .35k) are less
easily explained away. Saltsburg and Smith show a Ne trace that
has a half-amplitude width of about 35 degrees.'in the incident
plane; our value is about 76 degrees (see Fig. 16). Their peak
is about 5 degrees below the specular (i.e., toward the normal);

ours about 20 degrees below., Although this disagreement raises

L4

many questions, it certainly is not alarming in view of the enormous

]
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violation of the range of validity that was necessary for the cal-
culations needed to produce the results. Before a final judgment
is made on either theory or experiment, a much greater overlap of
applicable conditions must be available.

Despite the paucity of corresponding cases, it may be useful
to postulate causes for the observed disagreement that would yet
be consistent with the features that do agree between theory and
experiment. The most probable of these causes is a gross overesti-
mate of the gas-solid interatomic binding energies. This over-
estimate would also explain the discrepancy in trapping probabili-
ties between experiment and calculation. We have explored this pos-
sibility in two additional runs for neon in which the Lennard-Jones
binding energies are arbitrarily reduced by factors of 5 and 10
from their originally assumed values of 0.027 eV. The results
shown in Fig. 16 indicate that a large reduction in € might make
the calculations more realistic, but this comparison involves too

much adjustment to be conclusive.

CONCLUSIONS

Although the computational requirements of our numerical cal-
culations have demanded that we use smaller samples than desirable,
we think that it is possible with the present interpolation tech-
nique to draw conclusions as to the gross characteristics of spa-

tial distributions of reflected molecules. We anticipate that
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%uture experiments will provide guidelines for improving this type
of calculation, in particular by providing better indications of
interatomic binding energies and actual surface configurations.

The conflicts between present results and published experi-
mental data are in our high trapping probability for heavy gases
at lower incident energy, and the width of the scattering patterns
for the few questionable cases_that can be compared directly. It
cannot now be es;ablished whether we have an incorrect feature in
our model, are using binding energies that are much too large, or
have drawn misleading inferences from the experiments. At present,
the second of these appears most likely. We do find several trends
confirmed in the experiments. At low Ei the thermal scattering
mechanism is the dominant one, giving broader and more normal exit
distributions as TW/Ti increases. At Ti < Tw the particles
emitted in the more normal directions tend to acquire greater en-
ergies than those nearer the surface. Out-of-plane scattering
generally tends to reflect the character of the in-plane scattering.
Scattering maxima can occur either above or below the specular ray,
usually lying closer to the surface (i.e., supraspecular) for Ei's
that are large compared to wall thermal energy, But not so large
as to allow the atoms to penetrate deeply into the repulsive por-
tion of the lattice atom potential field.

We also find several trends that are outside the accessible

range of existing experiments. Scattering by the lattice structure,
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in which the distributions become more broadly dispersed and move
slightly more toward the normal, becomes important as Ei in-
creases to values very large compared with ¢ cos Qi' For in-
stance, at about 8 eV incident energy and 130° incidence, a
Ne atom should penetrate the Ag potential field to about the
point where the effective atomic diameter is equal to the apparent
grid spacing (V/-f'd cos Oi, ‘where 2 d 1is the unit cube edge)
of the fcc (111) lattice. The atomic configuration should then
appear quite rough. This condition corresponds roughly to the
highest energy tried herein (44,800°K). We feel structure scat-
tering is significant for He at all energies tested, for Ne
above about 5000°K, and for Ar and larger atoms only at very
large energies. Note that the few cases run with He and Ar
confirm this expectation, with He 1lying more below the specular
(i.e., toward the normal), while Ar lies more above the specular
relative to Ne at similar energies (cf. Fig. 13). This trend is
opposite to what would be shown if thermal scattering were domi-
nant,8but is the same as that of Goodman5 for very high Ei'
Another feature that is outside current experimental experi-
ence is the frequent occurrence of multiple peaké in the flux pat-
terns. Some of these may be products of the statistical m-t»od
but most fall into a consistent pattern that strongly indicates a
legitimate phenomenon. This phenomenon appears related to struc-

ture scattering since it occurs again at very low Ei with He
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and is totally absent in our sparse data for Ar, even at very
high Ei' Multiple peaks occur on the (100) surface as well as on
the (111), and can be produced with a constant azimuth angle in
the input (see Fig. 12). The analytical model that should best
show this behavior is Erofeev‘s,6 but our numerical evaluations of
his theory do not reflect this behavior. If multiple scattering
is a genuine physical rather than a merely statistical effect, it
requires a more gomplex geometry than that incorporated in the
Erofeev theory to display it.

Finally, it is encouraging to theoreticians to note that the
cases tested at high Ei show a scattering strongly suggestive of
hard-sphere mechanics. The energy change correlates well with the
angle through which the gas particle has been deflected, regardless
of how far out-of-plane the final path. This indicates collision
times that are very brief compéred to oscillator natural periods
and further substantiates the hard-sphere limit behavior inferred
a priofi by many authors, and by the author's analysis4 of average

energy exchange. Goodman's calculations5 show this behavior clearly.
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Fig. 1 Coordinate System and Lattice Atom Configuration

for Trajectory Calculations. Output angle ¢ is
referred to plane of incidence.
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